[1] Sea-surface slope probability density functions, which are usually fitted to a GramCharlier series, can be fit equally well by a bound wave/free wave model in which the distributions of bound and free waves are Gaussian. Bound waves are generated by longer waves on the surface and travel at nearly the phase speed of the long wave while free waves are generated directly by the wind and travel at their intrinsic phase speed. These two types of short surface waves can usually be separated in measurements that yield their velocities. The integrals over the two distributions yield the probabilities of finding bound or free waves on the surface. We show that the probability of finding bound waves on the ocean is comparable to that in a wind-wave tank and much larger than the probability of whitecapping. The mean slopes of the two distributions yield the mean tilts of bound or free waves. We show that the mean tilt of the bound waves is similar to that in a wind-wave tank and close to that necessary to explain Doppler shifts in microwave backscatter from the sea surface at high incidence angles. Finally, the widths of the two distributions yield the variance of sea-surface slopes at the locations of bound and free waves. We show that these are larger at sea than in a wind-wave tank, which explains why bound waves at sea have not been recognized previously in sea-surface slope probability distributions.
Measurements and Previous Interpretations
[2] The classic measurements of sea-surface slopes by Cox and Munk [1954] using sun glitter patterns determined the basic characteristics of these slopes. Many other measurements have confirmed and extended the results of Cox and Munk [Hughes et al., 1977; Tang and Shemdin, 1983; Haimbach and Wu, 1985; Hwang and Schemdin, 1988; Wu, 1991; Shaw and Churnside, 1997] . These measurements indicate that when wind and waves are aligned, the cross wind probability density function (PDF) is nearly Gaussian while the upwind/downwind PDF differs significantly from Gaussian. The latter PDF shows a shift of the peak of the spectrum toward downwind slopes, an increase in the tail of the distribution in the upwind direction, and an increase in peak height relative to a Gaussian PDF with the same variance. Figure 1 illustrates this behavior with a fit to one of the PDFs measured by Cox and Munk at a wind speed of 10.2 m/s. Note that we have changed the sign of the slope compared to Cox and Munk since this became common practice in later papers by other authors. It is essential to be clear on the definition of ''upwind'' and ''downwind'' slopes in interpreting these measured PDFs.
''Downwind'' (here, positive) means that the sea surface height increases in the wind direction, that is, the vector normal to the surface is tilted in the upwind direction.
[3] The traditional method of interpreting upwind/downwind slope PDFs has been to fit them to a Gram-Charlier series, which can be derived by assuming that surface waves are weakly nonlinear [Longuet-Higgins, 1963a] . Munk [1954, 1956] gave this series as a function of upwind/ downwind and cross wind slope. Integrating their expression over the cross wind slope yields
where s is the upwind/downwind slope, and G(s) is a Gaussian distribution,
where s is the RMS upwind/downwind slope and
where hsi is the mean slope. For the sea surface as a whole, this is taken to be zero. H n is the nth Hermite polynomial, JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. C9, 3295, doi:10.1029 /2003JC001870, 2003 Copyright 2003 by the American Geophysical Union. 0148-0227/03/2003JC001870$09.00 the first five of which are given in Table 1 . The coefficients c n of this series are calculated from the difference in the moments of P(s) and G(s),
[4] Fitting the PDF to this form, of course, gives no physical insight into the causes of its shape beyond the fact that nonlinearities must exist. Longuet-Higgins [1982] attempted to give such insight by considering three possible effects: small, nonlinear distortions of individual waves, viscous damping of free waves, and the modulation of ripples. He found that only the modulation of ripples by longer waves could yield skewnesses, c 3 , of the correct magnitude and sign. His interpretation of the mathematics yielding this result was that the modulation of the ripples by the long waves caused an increase in ripple amplitude on the forward (leeward) face of the long wave. The slope of the long waves then shifted these increased ripple slopes toward the upwind direction, thus increasing the tail of the distribution in this direction. Since the tails of the distribution predominantly affect the skewness, this gave the correct sign.
[5] We propose here a different interpretation of the seasurface slope PDF. As in Longuet-Higgins' interpretation, the shape of the PDF is again determined by the characteristics of the ripples. We propose, however, that it is not primarily the modulation of ripples by longer waves that skews the PDF but the generation of ripples by longer waves.
Interpretation Using Bound and Free Waves
[6] A model of the sea surface involving wind waves and bound, tilted waves has proven to be very successful in explaining microwave backscatter from wind-roughened water surfaces [Plant, 1997; Plant et al., 1999a Plant et al., , 1999b . In addition to long waves, this model postulates ripples that cover the whole sea surface but are generated in two different ways: directly by the wind, or by longer wind waves. The former ripples propagate at their intrinsic phase speed, that predicted by linear wave theory augmented slightly by wind drift and nonlinear effects; we call these free waves. The other type of ripple is generated by longer waves on the surface and travels at, or near, the phase speed of these longer waves; we call these bound waves. The two types of ripples are generally easily separated by a measurement capable of determining their speed, such as high speed optical measurements or the scattering of coherent microwave or acoustic radiation [Plant, 1997; Hara et al., 1997; Plant et al., 1999a; Rozenberg et al., 1999] . Exceptions to this statement are parasitic capillary waves, which we consider to be a subset of bound waves because they travel at the phase speed of their parent waves. However, the condition for generation of a parasitic capillary wave is that this speed also be its intrinsic phase speed [Longuet-Higgins, 1963b; Fedorov and Melville, 1998 ]. Therefore they travel at the same speed as free waves. However, they are preferentially located on the tilted, forward face of their parent wave so their effect on the local incidence angle of microwave scattering above the surface and on acoustic scattering below the surface may be different and allows their identification [Plant et al., 1999b] . Other types of small-scale surface roughness that we would classify as bound waves are nonlinear distortions of longer waves and turbulent regions due to breaking or crumpling waves [Longuet-Higgins, 1992; Duncan et al., 1994 Duncan et al., , 1999 .
[7] In order to derive sea-surface slope PDFs from this model, we assume that free and bound waves may be considered independently. This seems a reasonable assumption since the turbulence in front of the crest of gravity waves probably accounts for most bound waves and cannot be related to the random wind wave field in general. If the bound waves are parasitic or due to breaking or crumpling, we assume that they damp free waves at that location to the point of insignificance. Thus their mean slope can be very different from the free waves. In fact, if bound wave slopes are skewed in one direction, then free wave slopes must be skewed in the other in order that the mean slope of the sea surface be zero. Smaller nonlinear distortions of longer waves, of course, exist at the same place on the surface as the wind waves and so must have the same mean slope. Such small distortions are important only at low wind speeds where their effect is not overshadowed by parasitic, breaking, or crumpling waves.
[8] The overall sea-surface slope PDF, P fb , given by this model is obtained using Bayes theorem,
where P f is the probability of finding a free wave at a particular location on the sea surface, P b is the probability of 
finding a bound wave, and P(sjf ) and P(sjb) are the conditional probabilities of slopes where free and bound waves exist, respectively. Here and later, subscripts f and b refer to free and bound waves. This equation immediately yields
Furthermore, all moments of the distribution, and therefore c 3 and c 4 can be calculated from equations (4) and (5), with P(s) replaced by P f b (s), by assuming that the conditional probabilities P(sj f ) and P(sjb) are Gaussian.
The assumption that the conditional probabilities are Gaussian is weakest for the bound waves since these are, by definition, finite amplitude effects of free waves and could themselves exhibit finite amplitude properties. For lack of definite knowledge of these properties, however, we will maintain the Gaussian assumption.
[9] The latter five equations contain six parameters relating to free and bound waves: P f , P b , hs f i, hs b i, s f , and s b . We have fit this model to Cox and Munk's PDFs by using the first four of these equations to eliminate all parameters but P b and hs b i from the expression for P fb . We then varied the value of c 3 and found its value and the values of P b and hs b i that minimized a cost function given by
where c 4 comes from equation (10) and c 4cm is Cox and Munk's [1956] value of c 4 . The first term requires that the best-fit PDF P fb match P while the second term requires that the fourth moments of the PDFs also match. The factor of 100 is necessary to give nearly equal weight to the two terms in C. We tried using C without the second term but found that a wide range of P b and hs b i existed over which the cost function had nearly the same value. Adding the second term reduced this range so that a clear minimum is obtained. To determine P, the Gram-Charlier fit to the data, Figure 2 . Comparison of sea-surface slope PDF fits with a Gram-Charlier series and with a free/bound wave model. The solid curve is the Gram-Charlier fit, the squares are P f times the free-wave PDF, the circles are P b times the boundwave PDF, and the asterisks are the sum of the circles and squares. The wind speed at 12.5 m height was 13.5 m/s for this PDF.
Figure 3. Bound and free wave parameters versus wind speed at 10 m height. Symbols were deduced from fits to the Munk [1954, 1956] data and therefore represent ocean data. In Figures 3a and 3b , asterisks correspond to free waves and open circles are bound wave values. Curves show best fits to results obtained in a wind-wave tank [Plant et al., 1999a] . Values of skewness, c 3 , and kurtosis, c 4 may be compared with those from this study, which are given in the last two columns.
we used the data of Cox and Munk [1956] that corresponded to wind and waves aligned to within 20°. We found that minimizing C always produced excellent fits to P. A representative example is shown in Figure 2 . Table 2 gives Cox and Munk's parameters determined from their data along with the values we determined here for c 3 and c 4 . Both c 3 and c 4 are very close to those of Cox and Munk.
Properties of Bound and Free Waves
[10] The six parameters determined by this fitting procedure have very definite physical meanings. They yield the probabilities of finding the different types of ripples, their mean slopes, and the variances of these slopes. We examined the behavior of these properties of bound and free waves as a function of wind speed and compared them with those determined in a wind-wave tank by Plant et al. [1999a] . The results are shown in Figure 3 . Here U 10 was determined for the tank measurements by dividing measured friction velocities by ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 0:00115 p and for Cox and Munk's measurements by dividing their wind speeds at 12.5 m by 1.02. Clearly, the probability of finding bound waves on the ocean is comparable to that in the wind-wave tank. This probability is much larger than that of whitecapping, indicating that many bound waves are microbreakers that do not entrain air [Monahan, 1971] . The mean slopes of free and bound waves are also very similar in the tank and on the ocean. Plant et al. [1999a] showed that the mean slopes of the bound waves and their spectral densities determined from optical measurements were just slightly smaller in magnitude than those necessary to explain microwave backscatter observations in the wind-wave tank. Similarly, the magnitudes of the mean slopes of the bound waves at sea that have been determined here are somewhat less than the 20°tilts necessary to explain Doppler shifts in microwave backscatter from the ocean at high incidence angles [Plant, 1997] . Interestingly, the variances of the free waves determined in this 1997 study do not differ markedly from those found here but the bound wave variances do. Figures 3c and 3d show that both of these variances are higher at sea than in the wavetank, presumably due to the presence of much longer waves on the ocean. These large variances relative to the mean slopes make signatures of bound waves at sea more difficult to recognize than they are in a wind-wave tank.
